) mediated cleavage were due to the fact that the G1 RNA, H1 RNA (23 h) and M1 RNA/H1 RNA (5 h) experiments were run on different polyacrylamide gels. The M1 RNA, H1 RNA (5 h) and Neg ctrl experiments were run on the same polyacrylamide gel but were applied at different regions of the polyacrylamide gel. Hence, the M1 RNA and H1 RNA (5h)/Neg ctrl are displayed as two panels. (B) Two-dimensional TLC demonstrating the presence of pGp (the hallmark in RNase P RNA-mediated cleavage) at the 5Ј end of the 5Ј matured cleavage product after cleavage of [␣-32 P]GTP internally labeled pATSerUG (specific activity Ն5 Ci/mmol) with wild-type M1 RNA, M1 ⌬P15-17 RNA, H1 RNA, and no RNase P RNA added as indicated.
The universally conserved ribonucleoprotein RNase P is involved in the processing of tRNA precursor transcripts. RNase P consists of one RNA and, depending on its origin, a variable number of protein subunits. Catalytic activity of the RNA moiety so far has been demonstrated only for bacterial and some archaeal RNase P RNAs but not for their eukaryotic counterparts. Here, we show that RNase P RNAs from humans and the lower eukaryote Giardia lamblia mediate cleavage of four tRNA precursors and a model RNA hairpin loop substrate in the absence of protein. Compared with bacterial RNase P RNA, the rate of cleavage (k obs) was five to six orders of magnitude lower, whereas the affinity for the substrate (appK d) was reduced Ϸ20-to 50-fold. We conclude that the RNAbased catalytic activity of RNase P has been preserved during evolution. This finding opens previously undescribed ways to study the role of the different proteins subunits of eukaryotic RNase P.
catalytic RNA ͉ ribozyme ͉ RNA processing R ibonucleoprotein complexes play fundamental roles in several cellular processes vital for growth. From an RNA-world perspective, the hypothesis is that during evolution, proteins have taken over the role of RNA (1). However, for the ribosome, the spliceosome, and the endoribonuclease P (RNase P), their RNA moieties have been either suggested or demonstrated to be directly involved in catalysis (2) and, as such, can be considered to be remnants from an RNA world. RNase P, which is responsible for generation of the matured 5Ј end of tRNAs in all three kingdoms of life, consists of one RNA and a variable number of protein subunits: 1 in Bacteria, 4 in Archaea, 9 in yeast, and 10 in mammalian (human) nuclear RNase P (3, 4) . Bacterial RNase P RNA is catalytically active in the absence of protein, which is also the case for some archaeal RNase P RNA that show weak activity without proteins at high salt concentrations (5). However, no catalytic activity for eukaryotic RNase P RNA has been detected so far. It has been discussed that through evolution, the RNase P proteins in Eukarya and Archaea have evolved to play more fundamental roles and their functions might be to (i) ensure an active RNase P RNA conformation and (ii) assist in substrate binding and/or catalysis (3, 4, (6) (7) (8) . Here, we demonstrate that eukaryotic RNase P RNA indeed is able to cleave its substrate in the absence of protein(s), suggesting that the catalytic activity resides in the RNA subunit of RNase P, irrespective of the domain of life from which it is derived.
Results and Discussion
Previous trials to demonstrate catalytic activity for eukaryotic RNase P RNA in the absence of protein(s) have been performed mainly at pH Ͼ7 (refs. 4, 9, and 10 and references therein). At this and higher pH, spontaneous and Me 2ϩ (e.g., Mg 2ϩ )-induced hydrolysis of RNA become prominent, in particular during long incubations (data not shown; see below). Hence, the likelihood of detecting weak cleavage activity is reduced. We therefore decided to investigate whether eukaryotic RNase P RNAmediated cleavage could be detected at pH 6.0, a condition where spontaneous and Mg 2ϩ -induced hydrolysis of the RNA substrate and RNase P RNA is likely to be reduced. The chemistry of cleavage of the scissile bond also is suggested to be rate-limiting at this pH (ref. 11 and references therein). As substrates, we used different tRNA precursors and pATSerUG, a well characterized RNA hairpin loop model substrate [ Fig. 1 and supporting information (SI) Fig. 6 ; refs. [11] [12] [13] [14] [15] .
The eukaryotic RNase P RNA variants that we decided to test for catalytic activity were derived from humans (16) and the lower eukaryote Giardia lamblia (9) , H1 RNA and G1 RNA, respectively. The P15/P16/P17 region of bacterial RNase P RNA plays an important role in substrate binding and catalysis (11, 17, 18) . This region is missing in eukaryotic RNase P RNA (9) . We therefore included, together with wild-type Escherichia coli RNase P RNA (M1 RNA), a derivative (M1 ⌬P15-17 RNA) in which the P15/P16/P17 regions have been deleted. The secondary structures of these RNase P RNAs are depicted in Fig. 2 . The experiments were performed as outlined in Materials and Methods. mobility of the 5Ј cleavage products, we inferred that H1 RNA and G1 RNA cleaved the substrate at the same position, the canonical cleavage site, as the wild-type M1 RNA and M1 ⌬P15-17 RNA. We confirmed that cleavage mediated by H1 RNA, G1 RNA, and M1 ⌬P15-17 RNA generated the expected pGp, the hallmark of RNase P-mediated cleavage, by thin-layer chromatography with ␣-32 P-GTP internally labeled pATSerUG as a substrate ( Fig. 3B ; data not shown for G1 RNA).
The rate constants (Table 1 ) of cleavage (k obs ) under saturating single-turnover conditions were several orders of magnitude lower compared with the k obs value for wild-type M1 RNA. But, the k obs values were only 100-fold lower (for H1 RNA) compared with that determined by using M1 ⌬P15-17 RNA that lacked the P15-17 region. We could not estimate the rate of background cleavage at the RNase P cleavage site. However, based on the data in SI Fig. 7 , the estimated rate of degradation at Ϫ1 in pATSerUG was 8 ϫ 10 Ϫ13 pmol/min (see below; SI Fig. 7) . Moreover, the rate constant for spontaneous hydrolysis of an unrelated RNA at pH 6.0 without Mg 2ϩ has been estimated to be Ϸ10 Ϫ9 to 10 Ϫ10 min Ϫ1 (19) . Hence, using this number, the rate constant for H1 RNA corresponded to at least an increase of four to five (for G1 RNA, three to four) orders of magnitude. However, we do not know the fraction of active RNA, and, thus, the given rates (Table 1) could be higher. We also determined the rate of cleavage of pATSerUG as a function of [Mg 2ϩ ]. These data revealed that the two M1 RNA variants and G1 RNA have similar Mg 2ϩ requirements (plateau at 160 mM), whereas optimal cleavage by H1 RNA required Ϸ2-fold higher Mg 2ϩ concentration (plateau at 400 mM; Fig. 4 ). Our data further indicated that both H1 RNA and G1 RNA interact with pATSerUG with reasonable affinities (Table 1 ). This should be compared with the estimated K D value (2.2 M) for binding of arylazido-matured tRNA by using a cross-linking assay and RNase P RNA derived from Schizosaccharomyces pombe (20) . Although we did not observe complete cleavage of any of our substrates (maximum fraction of substrate converted into product was Յ3.2%), the percentage of cleavage of pSu1 with H1 kobs was determined under saturating single turnover conditions and is referred to as the rate constant of cleavage at the canonical RNase P cleavage site by using pATSerUG (0.02 M final concentration) as substrate, whereas k obs/K sto determined under saturating single-turnover conditions is equal to kcat/Km. Each value is an average of at least three independent experiments and is given as a mean value Ϯ the deviation of this value. * , data taken from ref. 13 . Time of incubation was adjusted to ensure that they were in the linear part of the curve of kinetics. For the calculations, we used the 5Ј cleavage fragments. The given data are the average of two independent experiments, and error bars indicate the experimental range. The data for wild-type M1 RNA are based on three independent experiments and taken from ref. 13 .
RNA increased over time (SI Fig. 8 ). Higher frequency of cleavage was also observed when the amount of H1 RNA was increased (data not shown). Based on the mobilities of the 5Ј cleavage fragments, we conclude that these precursors were cleaved at the canonical RNase P cleavage site, but at present, we cannot exclude the possibility of cleavage at other positions. However, quantification of the radioactivity in the bands corresponding to the 5Ј leaders and matured tRNAs, respectively, resulted in the expected 1:3 ratio (within error; data not shown).
We emphasize that to detect cleavage activity, a high specific radioactivity of substrates is required (Ն5 Ci/mmol; 1 Ci ϭ 37 GBq; see Materials and Methods).
Structural Changes in Conserved Regions of H1 RNA and G1 RNA Resulted in No Detectable Cleavage. To investigate whether structural changes in conserved regions of H1 RNA and G1 RNA influenced cleavage activity, we deleted three residues in the P4 helix of H1 RNA (H1 ⌬80-82 RNA, in a ⌬298 background; see below) and five in J5/7 in G1 RNA (G1 ⌬J5/7 RNA; Fig. 2 ). These regions were selected based on their importance in cleavage mediated by bacterial RNase P RNA (ref. 4 and references therein). When these variants were incubated with pSu1 or pATSerUG (for G1 ⌬J5/7 RNA only pATSerUG), we did not observe any cleavage activity after 24-h incubation (H1 ⌬80-82 RNA; SI Fig. 8 ) and 19.5 h (G1 ⌬J5/7 RNA; data not shown). These data suggested that these regions in eukaryotic RNase P RNA are important for activity; the observed cleavage is not related to any contaminating activity that copurified with H1 RNA (see also below). H1 RNA variants have been reported in the literature (16, 21) , one with C at position 325 and one with U. When we generated the deletion (⌬80-82) variant of H1 RNA, we noted that the clone encoding H1 RNA used above carried a deletion of C298 (Fig. 2) . To study the effect of these variations, we generated the following H1 RNA derivatives: H1 ⌬298U325 RNA, H1 C298U325 RNA, and H1 C298C325 RNA (our original variant is referred to as H1 ⌬298C325 RNA). All three H1 RNA variants were active and cleaved pATSerUG and pSu1 at the same position as the original H1 RNA derivative, H1 ⌬298C325 RNA (SI Fig. 8 ). These variants showed lower cleavage activity compared with H1 ⌬298C325 RNA but in the same range as G1 RNA. Thus, it appears that the residues at these positions influence the activity. When residues 80-82 in P4 were deleted in H1 C298U325 RNA, no cleavage activity was detected as expected (data not shown). In conclusion, the original H1 RNA, H1 ⌬298C325 RNA, is likely to have been instrumental in detecting cleavage mediated by H1 RNA alone. At present we cannot explain this, but it might be related to the folding of H1 RNA.
No Cleavage at the Canonical Cleavage Site Detected in the Presence
of Unrelated RNA. Given the observed low levels of cleavage activities for the eukaryotic RNase P RNAs, it was important to rule out the possibility of contamination of e.g., M1 RNA and to demonstrate that the RNase P RNA variants were not degraded during these long incubations (with respect to pATSerUG, see also above).
From our data it was apparent that H1 RNA (i.e., H1 ⌬298C325 RNA), G1 RNA, and M1 ⌬P15-17 RNA were remarkably stable with Ͻ1% degradation during the incubation period (data not shown). Moreover, using [ 32 P]pCp or [␥-32 P]ATP and standard 3Ј or 5Ј end-labeling protocols, we could not detect any contamination of M1 RNA or any other RNA in our solutions that could explain our results. Dot blot analysis and RT-PCR did not reveal any traces of M1 RNA in our H1 ⌬298C325 RNA and G1 RNA (and tisAB mRNA; see below) solutions that could explain our data (SI Fig. 9 ). We also tested other unrelated RNAs, the 354-nt-long tisAB mRNA (22) and bulk yeast tRNA, but no activity in the presence of any of these was observed under the assay conditions (for yeast tRNA; data not shown). In the case of tisAB mRNA, no activity was detected even after 6 days of incubation in the presence of pATSerUG (SI Fig. 7) .
The pATSerUG substrate was remarkably stable (SI Fig. 7 ) under the reaction conditions with only Ϸ5% of the substrate degraded after 6 days of incubation at 37°C. Based on these data (SI Fig. 7 ), we estimate that the limit of detection of cleavage at a single position (position Ϫ1; we could not estimate the spontaneous hydrolysis at the RNase P cleavage site) must be Ͻ4 ϫ 10 Ϫ5 % of cleavage per min (Ϸ8 ϫ 10 Ϫ13 pmol/min). In keeping with the discussion above, our unpublished data have shown that during long incubation times, the substrate pATSerUG is significantly less stable in 50 mM Tris⅐HCl (pH 7.2) supplemented with 1.25% PEG 6000/100 mM NH 4 Cl/160 mM MgCl 2 compared with the reaction conditions used here. For this reason, we did not test whether H1 RNA and G1 RNA were active under this or any other conditions. Together, this emphasizes the importance of choosing suitable reaction conditions to differentiate between H1 RNA-mediated cleavage and nonspecific hydrolysis.
Conclusion and Concluding Remarks
In summary, we conclude that the eukaryotic RNase P RNA from humans (H1 RNA) and the lower eukaryote G. lamblia (G1 RNA) can mediate cleavage of a model RNA hairpin substrate and several tRNA precursors at the correct position in the absence of protein. Thus, eukaryotic RNase P RNA is an RNA enzyme, as previously demonstrated for bacterial and some archaeal RNase P RNAs (see above). Consequently, the catalytic activity of RNase P has been preserved in its RNA subunit through evolution.
As reported here, the cleavage activity for some RNase P RNA derived from Archaea is low and requires high ionic conditions (5) . Likewise, RNase RNA from Chlamydia trachomatis shows low cleavage activity (23, 24) . The secondary structures of some of these RNase P RNAs reveal differences in functionally important regions (25) , e.g., P15/P17 and P7-P11, which could at least partly explain the observed low cleavage rates. This explanation is also valid for eukaryotic RNase P RNAs that lack the P15/P17 domain and the internal bulge in P10 (Fig. 2) . Moreover, the compositions of human and archaeal RNase P with 10 and 4 proteins, respectively, are more complex compared with bacterial RNase P that consists of only one protein and one RNA. This, together with the observed low cleavage rates for H1 RNA and G1 RNA compared with cleavage mediated by M1 RNA, supports the idea that the proteins play important roles in cleavage mediated by eukaryotic RNase P. For example, the proteins might assist in folding of the RNA, substrate binding, and/or catalysis (see above). From this perspective, our finding opens previously undescribed possibilities to study the roles of the different protein subunits in eukaryotic RNase P and to identify specific residues/regions in the RNA that are important for function.
Materials and Methods
Preparation of Substrates and RNase P RNA. pATSerUG was either purchased from Dharmacon USA (Lafayette, CO) or prepared as run-off transcripts by using T7 DNA-dependent RNA polymerase. This model substrate is cleaved as efficiently as precursor tRNAs (12) . The different tRNA precursors were generated as run-off transcripts (26) (27) (28) . Following standard procedures, the different substrates were labeled with 32 P either at the 5Ј end with ␥-32 P [100 pmol of pATSerUG or pSu1; 10 ml of [␥-32 P]ATP (specific activity 3,000 Ci/mmol) in 30 ml of final reaction volume and no cold ATP] or internally by using [␣- 32 
The tRNA precursor pTS-L(-1U) was generated by using QuikChange Directed Mutagenesis (Stratagene) with the plasmid harboring the gene-encoding pTS-L(-2A) as template (27) .
The RNase P RNA variants (gene encoding H1 RNA kindly provided by the S.A. laboratory) were generated as T7 DNAdependent RNA polymerase run-off transcripts and gel-purified as described in refs. [26] [27] [28] [29] [30] . For construction and generation of M1 ⌬P15-17 RNA and G1 RNA, see below.
The different H1 RNA derivatives were generated by using QuikChange Directed Mutagenesis (Stratagene) with the plasmid harboring the gene-encoding H1 RNA (see above) as template.
Construction of M1⌬P15-17 RNA. Two constructs were made by PCR with the E. coli rnpB gene behind the T7 promoter as template. To generate construct A, we used the forward T7 primer (5Ј-GAATTCGAAATTAATACGACTCACTATA) and the reverse M1wt ⌬P15-17 249-220 primer (5Ј-TTTGAGTCT-TGGCCTTGCTCCGGGTGGAGTTTACCGTGCCACGG) that generates an Mly1 restriction site. To generate construct B, we used the forward M1wt ⌬P15-17 300 -329 primer (5Ј-TTTGAGTCTAGGCTGCTTGAGCCAGTGAGCGATT-GCTGGCCTAG) that also generates an Mly1 restriction site and the reverse M1 RNA 3Ј end primer (5Ј-AGGTGAAACT-GACCGATAAG; complementary to residues 358-377 in M1 RNA, see Fig. 2 ). Both PCR constructs A and B were cleaved with Mly1. The resulting fragments were ligated by using Ready to Go Ligase Kit (GE Healthcare Biosciences). The ligated product was PCR-amplified by using the forward T7 primer and the reverse M1 RNA 3Ј end primer and cloned into Topo 2.1 Vector (Invitrogen). The gene construct thus obtained was confirmed by DNA sequencing.
M1 ⌬P15-17 RNA was generated as run-off T7 RNA polymerase transcriptions by using a PCR-generated template that had been produced with the primer pair FP0520 (5Ј-GATGTGCTG-CAAGGCGATTAAG) and M1 RNA 3Ј end and Topo 2.1 Vector carrying the M1 ⌬P15-17 RNA gene as template. The RNA was gel-purified by using 8% denaturing PAGE and extracted as described by Kufel and Kirsebom (28) .
Construction of the Gene Encoding G1 RNA Behind the T7 Promoter.
The coding sequence of Giardia RNase P RNA (G1 RNA) was amplified from G. lamblia strain WB, clone 6 genomic DNA by using the primers T7-GiRNasP5 (5Ј-CCGAATTCGAAAT-TAATACGACTCACTATAGAGGAATTAGGAGGGGC-GCCACCG-3Ј) and GiRNasP3 (5Ј-CCCTGCAGAGGAAC-CAAGGAGTAGTCTGAATCG-3Ј). The PCR product was ligated into the pCR4-TOPO vector (Invitrogen), and the amplified gene was verified by sequencing the PCR product. T7 RNA polymerase transcription of G1 RNA was performed on purified PCR products generated by using the T7-G1 RNA gene construct in pCR4-TOPO as template and primers T7-GiRNasP5 and GiRNasdP3. The deletion derivative G1 ⌬J5/6 RNA appeared as a side product during the cloning of the G1 RNA gene (S.G.S., unpublished data).
Analysis of the 5 End of the 5 Matured Cleavage Product. The cleavage site was inferred by comparing the mobility of the 5Ј cleavage fragments generated by using the different RNase P RNA variants. The presence of pGp at the 5Ј end of the large cleavage product was verified by two-dimensional thin layer chromatography as described in ref. 31 , using [␣-32 P]GTP internally labeled pATSerUG (specific activity Ն5 Ci/mmol) as substrate.
To confirm that the appearance of pGp depended on the presence of RNase P RNA, we cleaved [␣- 32 In all reactions, before mixing substrate with RNase P RNA, RNase P RNA was preincubated at 37°C in buffer C and 160 mM Mg(OAc) 2 (CaCl 2 when appK d was determined, see below) to allow proper folding. The high divalent metal ion concentration is rationalized by our previous finding that this is the optimal concentration for binding and cleavage of pATSerUG by using wild-type M1 RNA (for further details, see refs. 12 and 13 and references therein). In Fig. 3 , the concentrations of pATSerUG and pSu1 were 0.02 M; for M1 RNA, M1 ⌬P15-17 RNA, and H1 RNA, the concentration was 3.2 M; and for G1 RNA, the concentration was 6.4 M. In Fig. 5 , the concentrations of tRNA precursors and RNase P RNA were 0.02 M and 6.4 M, respectively.
The kinetic constants k obs and k obs /K sto (ϭ k cat /K m ) were determined under saturating single-turnover conditions at pH 6.0 and 160 mM Mg(OAc) 2 (13) . At this pH, the chemistry of cleavage of pATSerUG is suggested to be rate-limiting (ref. 11) , and k obs is referred to as the rate constant of cleavage. The final concentration of the substrate was Յ20 nM, and the concentration of RNase P RNA was varied between the 0.040 M and 53.2 M range, depending on the RNase P RNA variant used. For the calculations, we used the 5Ј cleavage fragment, and the time of cleavage was adjusted to be in the linear part of the curve of kinetics. The k obs and k obs /K sto values were obtained by linear regression from Eadie-Hofstee plots.
Spin columns were used to determine apparent equilibrium dissociation constants (appK d ) in buffer C in the presence of 160 mM CaCl 2 (see above and as described in refs. 33 and 34) . After the substrate (pATSerUG) and RNase P RNA had been pre- incubated for 20 min, they were mixed. After an additional 20 min, nonbound substrate was separated from substrate in complex with RNase P RNA on spin columns as described in refs. 33 and 34. The substrate (pATSerUG) concentration was Յ10 nM, and the RNase P RNA concentration (dependent on variant) was varied from 0.01 M to 30 M. appK d values were determined by nonlinear regression analysis by using Origin 7.0 software (Originlab) and the equation f c ϭ f t ϫ [RNase P RNA] free /(K d ϩ [RNase P RNA] free ), where f c is the fraction of precursor substrate in complex with RNase P RNA and f t is the maximum fraction of substrate able to bind RNase P RNA, i.e., the reaction endpoint. Dot Blot Analysis. Different concentrations of H1 RNA, G1 RNA, tisAB mRNA, and M1 RNA were applied on a nylon membrane filter. The RNA concentrations were as follows: 0.75-10 g for H1 RNA and G1 RNA, 0.125-2 g for tisAB mRNA, and 0.1-100 ng for M1 RNA. After application of the RNA, the RNA was UV cross-linked to the filter, and this was followed by hybridization overnight at 42°C by using an oligodeoxynucleotide (5Ј-AGGTGAAACTGACCGATAAG) complementary to the 3Ј end of M1 RNA (residues 358-377; Fig. 2 ) that had been labeled with ␥-32 P at the 5Ј end (see above). Hybridization (overnight at 42°C) and washing (three 5-min washes at 42°C and one wash for 5 min at room temperature) of the membranes were performed according to standard procedures in ref. 35 . The signal was detected on a PhosphorImager (400S; Molecular Dynamics).
Reverse Transcription Followed by PCR: RT-PCR. One hundred nanograms each of H1 RNA, G1 RNA, tisAB mRNA, and M1 RNA were mixed with 10 mM dNTP mix (a mixture of dATP, dGTP, dTTP, and dCTP) and primer (10 mM final concentration). As primer, we used an oligodeoxynucleotide complementary to the 3Ј end of M1 RNA (5Ј-AGGTGAAACTGACCGATAAG) (see Fig. 2 ). The mixture was incubated at 65°C for 5 min and then put on ice for 10 min. A mixture of 5ϫ FS buffer (Invitrogen; according to manufacturer's instructions)/0.1 M DTT/RNA guard (GE Healthcare Biosciences) was added according to the protocol (SuperScript II Reverse Transcription protocol given by Invitrogen). After incubation for 2 min at 42°C, 1 l of SuperScript II Reverse Transcriptase Enzyme (Invitrogen) was added to each reaction and incubated at 42°C for 50 min. The reverse transcriptase was inactivated at 70°C for 15 min, and the samples were put on ice. One microliter of RNase H1 was added, and incubation was prolonged for 20 min at 37°C.
This was followed by standard PCRs where 10% of the reverse transcription reaction was used as a template. As primers, we used 5Ј-TTCGGGGGAGACGGGCGGA (forward; complementary to residues 39 -77 in M1 RNA; Fig. 2 ) and 5Ј-AGGTGAAACTGACCGATAAG (reverse; complementary to residues 358-377 in M1 RNA; Fig. 2 ). The resulting PCR products were separated on a 2% agarose gel in TEB buffer (45 mM Tris⅐borate, pH 8.3/1.25 mM EDTA).
